Monazite is a common accessory phosphate mineral that occurs under a wide range of pressure and temperature conditions in sedimentary, metamorphic and igneous rocks. Monazite contains high amounts of Th and U, rendering single monazite grains suitable for in-situ U-Th/Pb dating using laser ablation inductively-coupled mass spectrometry (LA-ICP-MS). Two key aspects of monazite dating that are critical for accurate age data with maximum precision are (i) optimized instrumental conditions to minimize analytical scatter and (ii) a well characterized reference material to ensure the accuracy of the obtained aged. Here, we analyzed five monazite reference materials (USGS 44069, MAdel, Moacir and Thompson Mine Monazite) for their U-Th/Pb ages using LA-ICP-MS technique and applied a variety of laser spot diameters and repetition rates to find the best operational conditions to achieve accurate age data while maintaining maximum precision. We find that a spot diameter of 10 µm and a repetition rate of 10 Hz yield the most precise ages with a deviation of ±2.0% from their respective high-precision U/Pb literature age data. Ages were reproduced in three different LA-ICP-MS laboratories using these parameters. Each reference material was tested for its suitability as a matrix-matched age reference material. For this, a rotating, iterative approach was adopted in which one reference monazite was used as calibration reference material against all others, which were treated as unknowns. The results reveal that USGS 44069, 94-222, Thompson Mine Monazite and MAdel all agree with their respective calculated ages and ID-TIMS reference ages and thus are suggested as suitable calibration reference materials. Moacir, however, appears slightly older than previously suggested (up to 4%), thus, caution is advised here when using Moacir as reference material for U-Th/Pb LA-ICP-MS dating in the absence of further absolute age calibration. Therefore, monazite is increasingly used for U-Th/Pb dating in a wide range of geodynamics processes, e.g., [3, [5] [6] [7] [8] [9] .
Introduction
Monazite [(Ce, La, Nd, Th)PO 4 ] is an accessory mineral that can contain large amounts of U (up to 6 wt.% UO 2 ), Th (< 1 to 30 wt.% ThO 2 , common 4-12 wt.%) and light-rare earth elements (LREE) [1] [2] [3] . In general, monazite incorporates only negligible amounts of Pb [4] , resulting in high U-Th/Pb ratios.
94-222
Monazite 94-222 originates from a garnet-bearing leucosome of the Harts Range Metamorphic Complex in the Irindina Province, SE Arunta Inlier, Central Australia (NT, Australia) [39] [40] [41] . The age has previously been interpreted to define the time of high-grade metamorphism and deformation in the Eastern Arunta Inlier.
Apparent discrepancies in the literature regarding the U/Pb age of reference sample 94-222 occurred. [41] analyzed monazite grains of the leucosome, using ion microprobe (SHRIMP), and obtained a 206 Pb/ 238 U age of 467 ± 16 Ma (2s). Monazites from the same location were analyzed under the sample name 'Bruna-NW' by [42] and obtained a U/Pb (LA-ICP-MS) age of 447.4 ± 5.6 Ma (2s). Even though within uncertainty, the large difference of 20 Myrs prompted [22] to re-evaluate monazite grains from the previous studies by [41, 42] using the LA-ICP-MS technique. The re-evaluation resulted in a 206 Pb/ 238 U weighted mean age of 449.7 ± 6.8 Ma (2s) for monazite grains from both studies ( Table 1) . This example highlights the necessity for a coherent standardization. Monazite 94-222 is used mainly as an in-house RM at the University of Adelaide and has been applied in several studies using the age of 450 Ma, e.g., [37, 40, [43] [44] [45] .
MAdel
The reference monazite MAdel originates from a single crystal (approximately 2 × 1 cm) from Madagascar from an unknown location (personal communication, J. Payne, 2013) . ID-TIMS analyses identified two characteristic age domains with a difference in mean calculated ages of ca. 3 Myrs. The dominant age is the younger one with a 207 Pb/ 235 U age of 511.0 ± 2.6 Ma (2s). The older domain is less abundant and yields a 207 Pb/ 235 U age of 513.9 ± 3.2 Ma [2s ; 22] . Even though both ages overlap with each other, the systematic shift points to an apparent absolute age difference of both domains. The age difference of 3 Myrs would result in a systematic bias in U-Th/Pb dating by LA-ICP-MS but cannot be resolved because of a lower precision of the method (uncertainty >1%, that is >5 Myrs). The 206 Pb/ 238 U age of 514.8 ± 3.6 Ma [2s ; 22] is within uncertainty of the 207 Pb/ 235 U age.
MAdel, similar to 94-222, is used mainly as in-house calibration RM at the University of Adelaide [8, 22, 43] or as quality control material throughout the analysis [37, 38] .
Moacir (or Moacyr)
Moacir originates from the Itambè pegmatite district, Brazil [46, 47] . The exact location of Moacir remains unknown [48] . [20] obtained a concordant U/Pb ID-TIMS age of 474 ± 1 Ma. [16] used Moacir as calibration RM in their LA-ICP-MS study but obtained younger Th/Pb and U/Pb ages for two other ID-TIMS monazite RMs (Manangoutry and Madagascar monazite) with resultant deviation of 4% and 8%, from the ID-TIMS literature age, respectively. Subsequent re-calibration experiments by [31] yielded a 207 Pb/ 235 U ID-TIMS age of 504.3 ± 0.4 Ma (Table 1) of Moacir. Further re-calibration of the Moacir by [21] yielded a 206 Pb/ 238 U ID-TIMS age of 513.0 ± 1.0 Ma (2s) spanning an age range of now 8% for ID-TIMS analyses to the originally reported TIMS value of 474 Ma [20] .
Thompson Mine Monazite (TMM)
The Thompson Mine Monazite (TMM) originates from the Thompson Nickel Belt of central Manitoba, Canada [49, 50] and has a U/Pb ID-TIMS reference age of 1766 ± 0.6 Ma (2s) [23] . TMM is frequently used in various studies as calibration RM [8, 19, 23, [51] [52] [53] [54] and is by far the oldest of the available monazites. Geosciences 2019, 9, 391 5 of 21
Methods

Sample Preparataion
Several grains of each reference monazite were handpicked and jointly mounted on a 1-inch epoxy resin disc. The samples were polished down to the center of the grain using 600, 220, 9, 3 and 1 µm polishing discs. To identify a potential chemical zoning pattern, all analyzed monazite grains, backscattered electron (BSE) images ( Figure 1 ) were taken using an electron microprobe JEOL JXA 8900 RL at the Institut für Geowissenschaften, Johannes Gutenberg-Universität in Mainz. An accelerating voltage of 15 kV and a beam current of~11 nA was applied.
Geosciences 2019, 9, [55] ). The correction factor based on the measured counts of Moacir relative to the Th and the U concentration given in µg/g (Th = 60810 µg/g and U = 1150 µg/g).
Analytical Set-Up and Sequence
LA-ICP-MS analyses were carried out in three different laboratories: (1) at the Institut für Geowissenschaften, Johannes Gutenberg-Universität Mainz (Germany), (2) at the Department of Earth Sciences, University of Gothenburg (Sweden) and (3) at the Isotopia Laboratory of the School of Earth, Atmosphere and Environment at Monash University in Melbourne ( Australia). Instrumental set-up and operational parameters of each analytical session and the facility are summarized in Table 2 . The LA-ICP-MS facility at Mainz is equipped with an ESI (Electro Scientific Industries, Inc., OR, USA) New Wave Research (NWR) 193 nm (ArF excimer) laser system and coupled to an Agilent 7500ce Quadrupole ICP-MS (Agilent Technologies, CA, USA). At the University of Gothenburg we applied a New Wave Research (NWR) 213 nm laser system combined with an Agilent 7500a series Quadrupole ICP-MS (Agilent Technologies, CA, USA) that is equipped with a secondary rotary pump. The carrier gas (Ar) was mixed with nitrogen (N 2 ) at a flow rate of 2 mL/min to slightly increase the signal intensity. The third facility, the Isotopia Laboratory, uses an ASI (Australian Scientific Instruments, ACT, Australia) RESOlution SE 193 nm ArF excimer laser equipped with a Laurin Technic S155 ablation cell coupled to a Thermo Fisher Scientific ICAP-Q.
Overall, eight analytical sessions ( Table 2) , which consists of a daily tuning routine, were undertaken. In each session, two to four runs with different operational settings were performed. Each run consisted of 25-30 spots in total, with 5-6 spots per sample. The calibration RM was measured two to three times in the beginning, after every 10 'unknowns' and at the end. During all eight analytical sessions, the ion intensities of 202 Hg, 204 Pb, 206 Pb, 207 Pb, 208 Pb, 232 Th and 238 U were measured. Data from the first two analytical sessions (120605, 130111) were used to (1) evaluate the effect of spot size and repetition rate on accuracy and precision of the U-Th/Pb age of the monazites and to (2) establish an analytical protocol that can be applied in different laboratories. The most commonly used analytical parameters for U-Th/Pb monazite dating such as a spot size (5, 10 and 20 µm) and repetition rate (5 and 10 Hz) were applied, e.g., [5, 8, 10, 16, 17, 22, 29, 36, 51, 56] . To compare the results, the same ablation conditions were maintained by applying the same analytical setting and analyzing the same growth zone of the grains. During the first two analytical sessions, each spot was analyzed using a background, ablation time and washout time of 20, 30 and 20 s, respectively. To assess the differences in the absolute ages relative to ID-TIMS reference age, monazite USGS 44069 was used as calibration RM for all analytical sessions and runs, whereas the other RMs (TMM, MAdel, Moacir, 94-222) were treated as unknowns.
After determining suitable operational settings during the first two analytical sessions, the refinement of the ablation time to 15 s and the suitability of each individual RM was assessed in the third analytical session 130115, in which each RM was used as calibration RM by treating the others as unknown. This rotating roster allowed the assessment of each monazite against various absolute age calibrations and helps identify possible sources of absolute age biases in the reference ages. For example, when monazite 94-222 was used as calibration RM then USGS 44069, TMM, MAdel and Moacir were treated as unknowns.
The following five analytical sessions (130320, 130807, 130905, 160511 and 160606) were used to test the optimized operational parameter and its effect on obtained ages. All grains were analyzed with a spot size of 10 µm, a repetition rate of 10 Hz and a fluence of~5.0 J/cm 2 . Each spot was measured for a total length of 55 s (20 s background, 15 s ablation, 20 s washout). An example of the ablation signal is shown in Figure 2 . The first and the last 2.5 s of the peak signal were discarded. For the relative testing of instrumental set-ups, only monazite USGS 44069 was used as calibration RM for U-Th/Pb ages. After determining suitable operational settings during the first two analytical sessions, the refinement of the ablation time to 15 s and the suitability of each individual RM was assessed in the third analytical session 130115, in which each RM was used as calibration RM by treating the others as unknown. This rotating roster allowed the assessment of each monazite against various absolute age calibrations and helps identify possible sources of absolute age biases in the reference ages. For example, when monazite 94-222 was used as calibration RM then USGS 44069, TMM, MAdel and Moacir were treated as unknowns.
The following five analytical sessions (130320, 130807, 130905, 160511 and 160606) were used to test the optimized operational parameter and its effect on obtained ages. All grains were analyzed with a spot size of 10 µ m, a repetition rate of 10 Hz and a fluence of ~5.0 J/cm². Each spot was measured for a total length of 55 s (20 s background, 15 s ablation, 20 s washout). An example of the ablation signal is shown in Figure 2 . The first and the last 2.5 s of the peak signal were discarded. For the relative testing of instrumental set-ups, only monazite USGS 44069 was used as calibration RM for U-Th/Pb ages. 
Instrumental Data Assessment and Age Calculations
Raw data from the mass spectrometer were reduced and evaluated using the Iolite 3 software [57, 58] and an accompanying in-house (University of Gothenburg) Microsoft Excel TM spreadsheet. Notable is that the in-house Excel spreadsheet uses raw data ratios without baseline correction compared to the Iolite software. The Iolite data reduction scheme applied here was 'U-Pb geochron4 . Both data reduction schemes, the in-house Excel-spreadsheet and the Iolite DRS do not apply a common-Pb correction. The reduced data and results from both data reduction methods are provided in Tables S1-S3 in supplementary materials and Figure 3 . achieved in this study with 2% and 5%, respectively. Concordia data from the in-house Excelspreadsheet is given in Table 3 . All other data, the calculated concordia ages from the Iolite reduced data, the reduced data from the in-house spreadsheet and the Iolite software are provided in Table S2 and Table S3 . It needs to be noted that the large discrepancy for monazite sample 94-222 in analytical session 130111 could be of analytical nature or due to data reduction. The exact reason for this offset, however, remains unknown.
All 208 Pb-232 Th, 207 Pb-235 U, 206 Pb-238 U and 207 Pb-206 Pb ages were calculated using the 'raw' isotopic ratios, here defined as the isotopic ratios without background subtraction. The same time slice for the was used as calibration RM and is therefore not displayed. Each spot/square represents the offset of the calculated concordia age from the literature value for a certain analytical session. The uncertainties are given in 2s. The light grey and dark grey bars represent the overall offset in per cent achieved in this study with 2% and 5%, respectively. Concordia data from the in-house Excel-spreadsheet is given in Table 3 . All other data, the calculated concordia ages from the Iolite reduced data, the reduced data from the in-house spreadsheet and the Iolite software are provided in Table S2 and Table S3 . It needs to be noted that the large discrepancy for monazite sample 94-222 in analytical session 130111 could be of analytical nature or due to data reduction. The exact reason for this offset, however, remains unknown.
In the following, the data reduction of the in-house Microsoft Excel TM worksheet is briefly explained. The U-Th/Pb age calculation is based on the mean count rates of each measured isotope. The age and corresponding uncertainty, expressed as the standard deviation (SD) and the relative standard error (RSE), of each spot were calculated for 208 Pb/ 232 Th, 207 Pb/ 235 U, 206 Pb/ 238 U and 207 Pb/ 206 Pb. The 235 U, for monazite samples TMM, MAdel and 94-222, were calculated from 238 U by using the widely accepted 238 U/ 235 U value of 137.88 [59] , whereas for the monazite reference sample USGS 44069 and Moacir, the recently characterized 238 U/ 235 U value of 137.856 and 137.743 was used [60] . However, it needs to be noted that the relative uncertainty and natural variations in U isotope compositions, i.e., < 0.1%, are negligible with respect to the external precision of the method [13] .
All 208 Pb-232 Th, 207 Pb-235 U, 206 Pb-238 U and 207 Pb-206 Pb ages were calculated using the 'raw' isotopic ratios, here defined as the isotopic ratios without background subtraction. The same time slice for the sample and the RM was used to account for a systematic change in isotopic ratios as course of fractionation [61, 62] . The isotopic ratio is based on circa 10 s ablation time for all analytical sessions, even though the ablation time of the analytical sessions 120605 and 130111 was set to 30 s (Table 1) . Outliers in the peak signal that deviated by more than 2 RSD from the mean count rate of each isotope were not considered in the data reduction. To calculate the U-Th/Pb monazite ages, the mean measured ratio of each spot is normalized to a correction factor that is based on the measured ratio of all the analyzed USGS 44069 (calibration RM) relative to the preferred ratio calculated for the given TIMS 206 Pb/ 238 U age of [424.9 ± 0.8 Ma, 19]. The correction factor was calculated for each individual analytical session and run. Reported uncertainty is calculated by propagating uncertainties (e.g., RSE) of each monitored isotope within the selected time span of the peak given at the 95% confidence level (2s). The uncertainty propagation and elemental ratio calculation followed the calculation described by [63] . Ultimately, individual U/Pb concordia and 208 Pb/ 232 Th weighted mean ages have been calculated using Isoplot 4.15 [64] . No common Pb-correction was performed, due to the negligible common Pb and concordant ages of the monazite samples analyzed in this study.
Results and Discussion
Optimisation of Running Parameters
Firstly, we compare the results of the different running parameters from analytical sessions 120506 and 130111 using monazite USGS 44069 as a calibration RM. Data from the in-house Excel-spreadsheet is used for the comparison. The results from the first two analytical sessions (120605 and 130111) show that with a spot size of 10 µm and a repetition rate of 10 Hz a precision (here defined as the age uncertainty) of ±2.5% is achieved for U/Pb ages. The absolute age is within ± 2.0% of the U/Pb concordia age. For Th/Pb ages the precision is lower with ±3.7%, but accuracy is still maintained.
Neither a smaller (5 µm) nor a larger (20 µm) spot size yield an improvement on the precision, leading to the conclusion that the spot size of 10 µm and a repetition rate of 10 Hz are the best operational settings. Whilst all analyses show systematic variations in reproducibility with spot size and/or parent-daughter ratio, all ages remain accurate, which indicates that even a 5 µm spot can be used to date monazite grains.
In addition to this, to optimize running parameters, the correction factor, here defined as the average measured ratio of the RM relative to the preferred ratio calculated for the given literature age, needs to be monitored and assessed. To do so, the correction factors from each run of analytical session 120605 were evaluated. In general, the correction factor should be~1, but the data obtained from this run shows that the correction factor increases with increasing spot sizes from 5 µm to 20 µm (Table 3 and Figure 4 ). This is especially true for ratios including two different elements (e.g., 206 Pb/ 238 U). Notable is that between 10 µm and 20 µm the change in correction factor is less pronounced. Thus, the results allow two different interpretations. Firstly, it appears to be tolerable to analyze the RM and the unknown by using slightly different spot sizes, but only when small variations in correction factor occur, e.g., for larger spot sizes (> 15 µm, Figure 4 and Table 3 ).
Secondly, based on the variation between the spot size and the applied correction factor (Figure 4) , accurate U-Th/Pb ages within ±2.0% from the ID-TIMS age can be determined for a spot size as small as 10 µm, repetition rate of 10 Hz and a fluence of~5.0 J/cm 2 . The precision and accuracy of the determined age of this study is similar to results from the study of [10] that used a lower limit of 8 µm and 10 J/cm 2 at 5 Hz. Combining all eight analytical sessions, the overall precision obtained here by using 10 µm and 10 Hz results in an average reproducibility of ±1.6% and ±3.0% for U/Pb concordia and for Th/Pb ages, respectively.
With the largest spot size applied in this study (20 µm) , absolute ages of this study differ from the reference ages determined by ID-TIMS by, on average, 2.0%. The somewhat better within-analytical session run precision of ± 0.7% may reflect the higher counting rates but is dwarfed by the bias in data and thus cannot be applied to maintain accuracy. session 120605 were evaluated. In general, the correction factor should be ~1, but the data obtained from this run shows that the correction factor increases with increasing spot sizes from 5 µ m to 20 µ m ( Table 3 and Figure 4 ). This is especially true for ratios including two different elements (e.g., 206 Pb/ 238 U). Notable is that between 10 µ m and 20 µ m the change in correction factor is less pronounced. Thus, the results allow two different interpretations. Firstly, it appears to be tolerable to analyze the RM and the unknown by using slightly different spot sizes, but only when small variations in correction factor occur, e.g., for larger spot sizes (> 15 µ m, Figure 4 and Table 3 ).
Secondly, based on the variation between the spot size and the applied correction factor ( Figure  4) , accurate U-Th/Pb ages within ±2.0% from the ID-TIMS age can be determined for a spot size as small as 10 µ m, repetition rate of 10 Hz and a fluence of ~5.0 J/cm². The precision and accuracy of the determined age of this study is similar to results from the study of [10] that used a lower limit of 8 µ m and 10 J/cm² at 5 Hz. Combining all eight analytical sessions, the overall precision obtained here by using 10 µ m and 10 Hz results in an average reproducibility of ±1.6% and ±3.0% for U/Pb concordia and for Th/Pb ages, respectively.
With the largest spot size applied in this study (20 µ m), absolute ages of this study differ from the reference ages determined by ID-TIMS by, on average, 2.0%. The somewhat better withinanalytical session run precision of ± 0.7% may reflect the higher counting rates but is dwarfed by the bias in data and thus cannot be applied to maintain accuracy. The differences of U/Pb with varying spot size and a different repetition rate observed in analytical session 120605 are most likely related to isotopic fractionation in the pit (Figure 4 and Figure S1 ). Using a small spot size (5 µm) and a low repetition rate (5 Hz) by maintaining low energy (5.0 J/cm 2 ) results in a deviation from the literature U/Pb concordia ages of about ± 5% and a precision of ± 4.5% for all measured RM, whereas with a higher repetition rate of 10 Hz the difference is nearly halved (± 2%) with an age uncertainty of ± 3% ( Table 3) . The difference between U-Th vs Pb being ejected from the crater are thus paramount in obtaining accurate ages. To obtain accurate ages it is therefore important that a balance between repetition rate energy of the laser beam is maintained. However, according to [10] , U/Pb and Th/Pb are more likely to reflect true ratios when using larger spot sizes. Thus, a balanced spot size versus count rate ratio needs to be chosen to ensure highly precise analyses and to minimize the destruction of the monazite sample. Table S2 and Table S3 . Monazite sample USGS 44069 has been used as calibration RM. The uncertainty is given in 2s. The number of spots analyzed is given 'n'. Data of each spot are provided in Table S1 . 
Monazite
Analytical and Inter-Lab Comparison for U-Th/Pb Dating of Monazite
In addition to the operation condition, instrumental characteristics may have an effect on age determinations, too. To investigate this, monazite sample Moacir was chosen to evaluate the count rate statistics between the three different laboratories and all eight analytical sessions. Moacir was chosen because of being the most homogeneous monazite sample compared to USGS-44069, TMM, MAdel or 94-222 ( Figure 1) . The LA-ICP-MS instruments at the Institute of Geoscience in Gothenburg (Agilent 7500a) and School of Earth, Atmosphere and Environment at Monash University Melbourne, (ThermoFisher Scientific ICAP-Q) obtain two to four times higher count rates ( Figure 5 ) with the same repetition rate and spot size than at the facility in Mainz (Agilent 7500ce). The lowest count rates in this study were achieved at Mainz where the ICP-MS is equipped with one rotary pump and only Ar and He are used as carrier gas. The signal size at the other two facilities, Gothenburg and Monash University, were about four times higher for the same RM, which can be attributed to the second rotary pump that can create a better vacuum within the analyzer region of the ICP-MS, between the sample cone and the ion extraction lens [65] , and the addition of N 2 to the carrier gas (Ar, He), which increases the plasma temperature and its ionizing efficiency [65, 66] . Having stated that, different instrumental set-up and minor adjustments in the operational set-up that enhances the sensitivity leads to the same accuracy of the concordia and Th/Pb ages (< ± 2%) of all analyzed monazite samples in all facilities. 
Evaluation of Monazite Reference Samples
Chemical Homogeneity
All of the five analyzed monazite samples show different zoning patterns, such as patchy (Figure 1 , a left, b right), oscillatory (Figure 1c , right) and concentric (Figure 1, a right, e right) . Some grains may also contain mineral inclusions (for example Moacir, Figure 1d ), which will compromise data reproducibility substantially. Patchy patterns in monazite grains, such as the USGS 44069 monazite grain, may be the result of recrystallization processes [67] [68] [69] or reflect the exsolution of Huttonite and Cheralite [24, 70] . These may not affect U/Pb dating, depending on the timing and nature of their origin. Indeed, even though small Th and U concentration variations occur within the grains, it appears that the effect on U/Pb and Th/Pb ages is negligible. Monazite sample MAdel and Moacir are good RMs for trace element calibrations as they appear homogeneous with minor oscillating chemical zonation, whereas TMM, USGS 44069 and 94-222 show strong chemical zoning with variable Th and U concentrations (Figure 1 ).
Precision and Accuracy of the U-Th/Pb Ages
The U-Th/Pb age data of the third analytical session 130115 was used to assess the suitability of the RM by comparing ages of each analyses against one monazite that acts as a calibration RM. This calibration RM is rotating, which allows a cross-calibration of all RMs relative to each other. The coherency of results, also in comparison with reference values determined by ID-TIMS, reveals the suitability as a RM. Figure 6 shows calculated ages of each monazite, its associated literature age and the uncertainty ellipses of the respective RM that was used to calculate the age. The results show that all but one monazite appears suitable as a primary age RM. When using monazite USGS 44069 and 94-222 as calibration RM, the ages of the respective reference monazite, tested in this study, are within the uncertainty of the published ages. When using MAdel as calibration RM, the calculated U-Th/Pb ages get systematically older but remain within uncertainty of the literature ages. When the oldest monazite sample, TMM, is used as the calibration RM, the results for some of the other tested RMs tend to scatter with a higher uncertainty, but the calculated ages still overlap with their published ages ( Figure 6 ). The only RM that yields inconsistent ages is monazite sample Moacir, with U/Pb concordia ages and Th/Pb ages appearing significantly (by 4%) older than the proposed 504 ± 0.2 Ma age [31] in the literature. Figure 6a shows that when using USGS 44069, MAdel and TMM as calibration RM for Moacir, the mean concordia age results in 517 ± 15 Ma (2s). Even though within uncertainty of the reference age, the substantially older mean calculated age indicates a systematic bias from the other three RMs that strongly argues for an older formation age of the analyzed Moacir fragments. Indeed, we could not reproduce the published SHRIMP 206 Pb/ 238 U age of 474 Ma [20] nor the re-calibrated 207 Pb/ 235 U ID-TIMS age of 504 Ma [31] when using USGS 44069 or the other RMs as a calibration RM ( Figure 6a ). As discussed in [48] , the 207 Pb/ 235 U TIMS age [31] does not overlap within uncertainty of the previously reported SHRIMP age, which could be 'an inter-laboratory' analytical artefact. However, the re-calibrated 206 Pb/ 238 U ID-TIMS age of 516 Ma [21] is in good agreement with the results of this study. Figure 7 shows that 208 Pb/ 232 Th (0.02577 ± 0.0008) and 206 Pb/ 238 U (0.08329 ± 0.0027) give similar ages within the analytical uncertainty of 514.1 ± 3.9 (2s) and 517.6 ± 4.2 (2s), respectively. The calculated 206 Pb/ 238 U, 207 Pb/ 235 U and 208 Pb/ 232 Th ages of this study are all identical with the 206 Pb/ 238 U ID-TIMS age of [21] , all agreeing within analytical uncertainty of ± 2%. We, therefore, propose that the TIMS age of 517 Ma [21] is a suitable reference age for monazite sample Moacir. However, our mean concordia age for Moacir is 520 ± 3.9 Ma (2s, Figure 7d ). This age is calculated from all eight analytical sessions using the reduced ratios from the in-house Excel spreadsheet from all runs with a spot size of 10 µm and 10 Hz. The calculated concordia age broadly agrees with the value of [21] even though it is on the upper end.
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Conclusions
Ablation conditions during LA-ICP-MS analyses (laser spot size, repetition rate, laser fluence) can affect the resulting ages for monazite U-Th/Pb geochronology. We suggest a spot size of 10 µ m, a repetition rate of 10 Hz and a laser fluence of 5 J/cm 3 as optimal running conditions, under which a precision of ±2% is achieved and ages are obtained within uncertainty of reported high precision ID-TIMS ages. A smaller laser spot diameter still yields accurate results, yet with poorer precision, indicating that increasing sensitivity in future studies can achieve higher precisions with higher spatial resolution. The results further demonstrate that USGS 44069, 94-222, Madel and TMM are suitable as monazite RMs for U-Th/Pb dating. Caution is advised for the use of Moacir as an RM. The reason for differences in reported ages for Moacir remains to be explored and a 'true' age needs to be determined. However, our iterative approach indicates a plausible U/Pb age of ~517 Ma, for the monazite grains analyzed in this study.
Supplementary Materials:
The following are available online at www.mdpi.com/xxx/s1. Figure S1 . Correction factor for each U-Th/Pb ratio relative to USGS 44069 for 10 µ m and 10 Hz of analytical session 120605 for all monazite RMs. The correction factor for U-Th/Pb remains the same for each monazite analysed. The uncertainty of the Th/Pb and U/Pb correction factor ranges between 2% to 4%, whereas for Pb/Pb it only varies by 1%, indicating that each monazite sample tested here is suitable as calibration RM. Attention has to be paid [31] . For each plot the ratios and weighted mean age are given. [31] published a 206 Pb/ 238 U age of 511.2 ± 0.4 Ma, which corresponds to a ratio of 0.08253 and a 208 Pb/ 232 Th age of 504 Ma corresponding to a ratio of 0.02525. The 207 Pb/ 206 Pb (0.056824 ± 0.072%), 207 Pb/ 235 U (0.64831 ± 0.13%) and 206 Pb/ 238 U (0.082830 ± 0.064%) of [21] are within analytical uncertainty. Graph (d) shows the concordia plot with the suggested age of Moacir.
Conclusions
Ablation conditions during LA-ICP-MS analyses (laser spot size, repetition rate, laser fluence) can affect the resulting ages for monazite U-Th/Pb geochronology. We suggest a spot size of 10 µm, a repetition rate of 10 Hz and a laser fluence of 5 J/cm 3 as optimal running conditions, under which a precision of ±2% is achieved and ages are obtained within uncertainty of reported high precision ID-TIMS ages. A smaller laser spot diameter still yields accurate results, yet with poorer precision, indicating that increasing sensitivity in future studies can achieve higher precisions with higher spatial resolution. The results further demonstrate that USGS 44069, 94-222, Madel and TMM are suitable as monazite RMs for U-Th/Pb dating. Caution is advised for the use of Moacir as an RM. The reason for differences in reported ages for Moacir remains to be explored and a 'true' age needs to be determined. However, our iterative approach indicates a plausible U/Pb age of~517 Ma, for the monazite grains analyzed in this study.
